Introduction {#s0005}
============

The end of December 2019 marked the beginning of the global COVID-19 pandemic with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a novel corona virus as its etiological agent. Coronaviruses are enveloped single stranded RNA virus with a genome which spans about 27--32 kb encoding the structural and non-structural proteins involved in their entry and replication within the host cell [@b0005]. Based on their distribution in birds and mammals six species of corona virus are known to infect humans. Among them, two strains namely severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV) both zoonotic origin and high pathogenicity were linked with global epidemic and fatal illness [@b0010]. Following this thread, the SARS-CoV-2 has sparked the global anxiety through COVID-19 outbreak which at present lacks a permanent cure.

In late December 2019, a cluster of patients with pneumonia were reported in Wuhan, Hubei province, China by its local health facilities. Down the line an emergency response team by Chinese Centre for Disease Control was consigned to puzzle out its causative background and epidemiological incidence [@b0015]. On 2 August 2020, reports published by World Health Organization (WHO) showed 17,660,523 confirmed cases globally which includes 680,894 deaths. Till now, the United States of America continues to be the epicenter with increasing cases followed by countries of Europe, South-East Asia, Eastern Mediterranean, Africa and Western Pacific [@b0020]. Though SARS-CoV-2 has masked the world with COVID-19 pandemic featuring an increased fatality rate, several countries have managed to extricate themselves from the dreadful condition providing a ray of hope to the global community.

Based on its pathobiology, upon inhalation the spike protein of SARS-CoV-2 is likely to bind through its receptor binding domain to ACE- 2 (angiotensin converting enzyme 2) receptor largely found in type II alveolar cells [@b0025]. Following its attachment to the target cell, RNA released by the virion undergoes replication, it multiplies and disseminates thereby infecting other cells in its proximity. Virus propagation down the respiratory tract alongside the conducting airways sets up a strong innate immune response within the host system. At this point the sputum and nasal swabs should contain the virus traces and markers of immune response. With all these happening together the disease is clinically manifested and the individual is regarded as COVID-positive [@b0030].

COVID-19 affects different individuals through distinct ways. The human- human COVID-19 spread is speculated to take place via respiratory droplet transmission or unmediated contact with an infected person. Mild to severe scale symptoms might be elicited within 2--14 days after viral exposure. While symptoms like fever indications, shortness of breath and life-threatening pneumonia occurs, case reports of other respiratory, neurological, gastrointestinal and hepatic illness have also been witnessed [@b0035]. Widespread reports claim elderly people with diminished immune response and individuals with diabetes, hypertension, kidney/ heart diseases or any underlying health conditions as susceptible population towards SARS-CoV-2 [@b0010]. The presence of prominent airway inflammation and a rapidly progressive pulmonary edema are speculated to be one among the various reasons for COVID-19 related deaths.

Respiratory illness in COVID-19 {#s0010}
===============================

Over the past years, the term 'cytokine storm' has been an arcane phenomenon intended to investigate the failure of the immune system in safeguarding the host organism. In the past few months, it has become increasingly apparent that calming of the cytokine storm during SARS-CoV-2 infection is the key to survival [@b0040]. A hyperactive immune response is not exclusive only to COVID-19 also, cancer patients undergoing immunotherapy, individuals with autoimmune diseases or other infections are known to experience similar effects. Cytokine storm denotes a hyperactive immune response, characterized by the release of pro-inflammatory cytokines in superfluous levels being detrimental to cells. A loss of negative feedback on the immune system, creates a positive feedback on immune cells recruiting them in larger amounts with an exponential release of inflammatory key players, resulting in organ damage.

The main class of cytokines involved in this injurious event include interleukins, interferons, chemokines, tumor necrosis factor, colony stimulating factors and other growth factors. These molecules contain their own subclasses namely proinflammatory factors (like TNF, IFNγ, IL-1β, IL-6 and IL-12) and anti-inflammatory factors (such as TGF-β, IL-4, IL-10 and IL-13) that wholesomely showcases the inflammatory cascade amplifying the response. Within the total affected population at least 10% of patients with severe COVID-19 are reported to have lung injury, acute respiratory distress syndrome (ARDS) within 8 to 14 days after the onset of their illness. Respiratory illness in COVID-19 has been evidenced with a series of pathological findings in lung tissues such as inflammatory infiltration, alveolar edema and proteinaceous exudates, diffuse alveolar damage with wall thickening, hyaline membrane formation and pneumocyte desquamation [@b0045]. The relevance of cytokine storm in COVID-19, fueling several deaths with respiratory collapse has gained immense attention that scientific researchers and medical experts are working on to tame the event.

The viral mediated inflammatory response in lungs comprises of epithelial inflammation and dysfunction, undermined surfactant activity and impaired alveolar fluid clearance [@b0050]. Furthermore, conditions such as pneumonia, ARDS, sepsis and septic shock represent severe scale manifestations. Pneumonia, an agonizing lung infection causes the accumulation of exudative fluid in the pulmonary parenchyma imperiling the respiratory function. Inflammatory dysregulation is known to play a causative role in pneumonia where multiple risk factors of this condition might affect the inflammatory pathway that were designed to defend the lungs during infection [@b0055]. ARDS signifies the progress of bilateral pulmonary infiltrates and hypoxemia which follows diffuse alveolar damage. Stimuli like pneumonia, sepsis etc. serve as a causative factor for ARDS. Precisely, the activation of innate immune response in alveoli triggers the release of proinflammatory cytokines and chemokines along with procoagulant factors, resulting in leukocyte recruitment into the alveolar air space. Within these injured alveoli, a paracrine signaling network established between various immune, epithelial and endothelial cells leads to altered permeability and alveolar fluid clearance that eventually results in lung edema [@b0060].

Aquaporins in lung fluid homeostasis {#s0015}
====================================

Establishment of fluid homeostasis across the pulmonary epithelium serves as a prerequisite for appropriate functioning of lungs. Together, the formation and maintenance of multifunctional alveolar surface liquid determines the pulmonary physiology. Earlier, the mechanism of water transport across the alveolar epithelial cells were not fully understood. On the positive side, the transendothelial/ transepithelial water flux, a two-step process involving the transport of water through the endothelium, which separates vascular and interstitial compartment followed by water transport across the epithelium came into the limelight [@b0065]. Convincingly, the osmotically driven transcellular water flux through a mercury sensitive water channel in intact sheep lungs unveiled the aquaporin (AQP) mediated water transport in lungs [@b0070].

Identification of a 28 kDa channel forming integral membrane protein (CHIP) [@b0075] expressed in *Xenopus laevis* oocytes laid the foreground for osmotically driven water permeability in cells, which was later titled 'Aquaporins (AQPs)' [@b0080]. AQPs are ubiquitous membrane channel proteins involved in small solute and water transport in response to osmotic gradients. AQPs are known to exist as tetramers while structurally each 30 kDa monomer is made up of six bilayer spanning domain (H1-H6), with two helical segment or loop (HB and HE) partially tucked in opposite orientation into the lipid bilayer with their signature NPA (aspargine- proline- alanine) sequence containing motifs [@b0085]. The AQP superfamily constitutes 13 isoforms (AQP0-12) and based upon their structure and functional features it has been divided into three subfamilies: orthodox/classical aquaporins (AQP0, AQP1, AQP2, AQP4, AQP5) that are strictly water permeable, aquaglyceroporins (AQP3, AQP7, AQP9, AQP10) in addition to water, transports glycerol, urea and other small sized non electrolytes and unorthodox/superaquaporins (AQP6, AQP8, AQP11, AQP12) involved in transport of small uncharged solutes [@b0090].

Out of all AQP isoforms four of them namely AQP1, AQP3, AQP4 and AQP5 are localized in lungs and airways ([Table 1](#t0005){ref-type="table"} ), and their expression pattern here signifies distinct physiological role in pulmonary fluid maintenance. AQP1 the first isoform to be identified in lung, is expressed in microvascular endothelial cells adjacent to airways and alveoli, in microvessels and mesothelial cells of parietal and visceral pleura. Basal epithelial cells of large airways and nasopharynx are known to express AQP3 in their basolateral membrane and also in human small airway epithelia. AQP4 expression is seen at the basolateral membrane of ciliated columnar epithelial cells of trachea, bronchus and nasopharyngeal region. Type I alveolar epithelial cells of distal lung and acinar cells of nasopharyngeal subepithelial gland shows significant expression of AQP5 on their apical membrane [@b0095]. The tissue, cell specific distribution of AQPs along with their functional characterization have gained considerable scientific interest to investigate their involvement in pathological conditions.Table 1Tissue-cell specific localization of AQPs in lung.S.NoAQP isoformLocalizationReference1AQP1Airways and alveoli- microvascular endothelial cells; Parietal and visceral pleura- microvessels and mesothelial cells.[@b0095] With original references cited therein.2AQP3Large airways and nasopharynx- basolateral membrane of basal epithelial cells; human small airway- epithelia.3AQP4Trachea, bronchus and nasopharyngeal region- basolateral membrane of ciliated columnar epithelial cells.4AQP5Nasopharyngeal subepithelial glands- apical membrane of acinar cells; distal lung- apical membrane of type-I alveolar epithelium

So far, the proposed AQP inhibitors being mercury compounds are found to be toxic for in- vivo usage. In such a case, lack of reliable AQP inhibitors set the scene for using specific AQP deficient animal models defining their phenotypical changes. Transgenic mice model generated via targeted gene disruption of major lung AQPs signifies their physiological role in pulmonary fluid maintenance. Inference from few AQP knockout (KO) studies in lungs with available relevant literature is summarized in [Table 2](#t0010){ref-type="table"} .Table 2AQP KO studies in animals highlighting their role in pulmonary water transport.S.NoAQP isoformExperimental modelStudy outcomesRelated implicationsReferences1AQP1Mice lung microvascular endothelial cellsA 10-fold decrease in airspace- capillary osmotic water permeability (P~f~) compared to wild-type (WT) and decreased lung fluid accumulation.AQP1 is involved in transcellular water transport and facilitates hydrostatically driven lung edema.[@b0100]2AQP1/AQP4\
Double KOMice lung microvascular endothelial cellsAQP4KO mice showed no significant effect whereas deletion of AQP4 in AQP1 KO mice showed a 15.3-fold decrease in P~f~ compared to WT.AQP4 along with AQP1 contributed to airspace capillary permeability.[@b0105]3AQP1/AQP5\
Double KOMice type I alveolar epithelial cellsAQP5KO mice showed a 10-fold decrease in P~f~ of airspace- capillary barrier and further 2 to 3-fold reduction in AQP1/AQP5 double KO mice compared to WT.AQP5 is essential for majority of water transport across the apical surface of alveolar epithelium.[@b0110]

Role of aquaporins in lung inflammation and edema {#s0020}
=================================================

Numerous mechanisms are known to functionally coexist during the clearance of edema from the distal spaces of lung. In context of pulmonary inflammation in mice lung, induced by intratracheal adenoviral infection showed increased mRNA expression of TNF-α and IFN-γ. Histological examination revealed inflamed alveolar wall thickening along with presence of enlarged peribronchial and perivascular spaces consistent with pulmonary edema. Secondly, mRNA and protein expression of AQP1 and AQP5 were decreased significantly. Decrease in both of these isoforms might contribute to edema by reducing the rate of excess water removal resulting in water containment within the alveolar and interstitial spaces [@b0115]. *Pseudomonas aeruginosa* (PA) induced lung injury in wild type mice showed decreased AQP5 mRNA and protein expression. When compared with the wild type, AQP5 knock out mice exhibited severe lung injury with increased wet/dry weight ratio and endothelial permeability thereby concluding the fact that deletion of AQP5 aggravated the progression of acute lung injury (ALI) [@b0120].

Studies by Gabazza *et al*., explored the relationship between AQP5 and lung fibrosis. Both AQP5 protein and mRNA expression was downregulated in bleomycin induced lung fibrosis condition. Probably this might be due to chronic lung injury by bleomycin and the decrease in expression of AQP5 might have caused a persistent and chronic pulmonary edema with successive development of lung fibrosis [@b0125]. Experiments with lungs of aged mice showed an altered water transport associated with AQP1 and AQP5 downregulation. The capillary- airway osmotic water transport rate was decreased with significant reduction in lung water accumulation indicating a slower hydrostatically driven lung edema formation [@b0130]. Type II alveolar epithelial cells exposed to hyperoxic condition showed significant increase in expression levels of AQP1 with increased cell volume. This indicates the enhanced water transport as a compensatory mechanism to improvise body's internal environment. Furthermore, prolonged exposure to a high oxygen atmosphere might have gradually aggravated the lung injury downregulating AQP1 resulting in water transport dysfunction [@b0135].

Aquaporin modulators in lung inflammation and edema: Promising drugs for COVID-19 comorbidity {#s0025}
=============================================================================================

The above- mentioned scientific data unfolds the involvement of AQPs implicating their expressional pattern during pulmonary inflammation, fluid accumulation and clearance. Now the conception, whether direct modulation of AQPs or their related signaling pathway by small molecule inhibitors or modulators could palliate the pathological outcomes of inflammation and associated edema needs to be reviewed ([Fig. 1](#f0005){ref-type="fig"} ).Fig. 1An illustration of hypothesis whether aquaporin (AQP) modulation in lungs could reduce the impact of COVID-19 illness. The cytokine storm effectuated by SARS-CoV-2 sets up a hyperactive immune response with inflammatory mediators at superfluous levels altering AQP expression and associated water movement. Direct modulation of AQPs or their related signaling pathways via small molecule inhibitors/ other modulators could alleviate pulmonary edema formation and interstitial fluid accumulation thereby diminishing the ill-effects of COVID-19 comorbidity.

Mice with LPS induced ALI, when treated with TGN-020 an AQP4 inhibitor showed significant decrease in levels of proinflammatory cytokines, a less severe alveolar wall collapse with reduced inflammatory infiltrates and improved survival rate. Inhibition of IL-17A by downregulating PI3K/Akt signaling with an upregulated SOCS3 protein expression is speculated to be the reason behind the alleviation of ALI [@b0140]. Similarly AQP4 inhibition by TGN-020 in irradiation induced lung injury model was shown to attenuate the progression and severity of lung injury by lowering the expression of proinflammatory cytokines (namely IL-6, IL-17, and TGF-β), chemokines (MIP1a and MCP1), fibrosis related (Col3al and Fn1) genes and inhibiting the activation of M2 macrophages [@b0145].

Modulation of intracellular signaling pathway by inhibiting a focal point, p38 mitogen activated protein kinase (MAPK) by SB239063 in intestinal ischemia reperfusion lung injury, resulted in a decrease in AQP4 expression with subsiding interstitial edema and congestion [@b0150]. Likewise, in primary rat pleural mesothelial cells, a p38 MAPK inhibitor SB203580 halted AQP1 downregulation caused by staphylococcal peptidoglycan (PGN) which might result in functional insufficiency of AQP1 leading to inadequate water transport and accumulation of pleural fluid. [@b0155].

Development of pulmonary edema in lungs of mice with fat embolism syndrome (FES) was reversed by bumetanide (AqB013) an inhibitor of AQP1 and acetazolamide. Furthermore *in vitro* studies with SB203580 in pulmonary microvascular endothelial cells (PMVEC's) revealed that free fatty acids induced upregulation of AQP1 was mediated through MAPK signalling pathway [@b0160]. Anti-asthmatic agents like dexamethasone, ambroxol, and terbutaline alleviated pulmonary edema in mouse lungs with ovalbumin (OVA) induced asthma by increasing AQP1 and AQP5 expression. Dexamethasone and ambroxol were known to decrease eosinophilic infiltration, mucus secretion and pulmonary edema while terbutaline only improved the edematic condition [@b0165].

In LPS induced ALI, CGRP8-37 an antagonist of α- calcitonin- gene related peptide receptor significantly decreased AQP1 expression than AQP5 aggravating the development of lung injury through elevated cytokine (IL-1β, IL-10, and TNF-α) release and interstitial edema formation resulting in pulmonary fluid accumulation [@b0170]. Silencing of AQP1 by RNA interference technique (RNAi) in human pulmonary adenocarcinoma A549 cells attenuated the fluid transport capacity into intracellular regions with reduction in osmotic water permeability and cell volume. This disturbance in alveolar fluid clearance might serve as a key factor for developing hyperoxic lung edema [@b0175].

Lipoxine A4 (LXA4) a braking signal in inflammatory response reduced the severity of inflammation and restored alveolar fluid clearance via upregulation of AQP5 in LPS induced lung tissue exhibiting its pro-resolution and anti- edematic activity in alleviating ALI [@b0180]. Inhibition of NF-κB activation by fasudil a selective Rho- kinase (ROCK) inhibitor in LPS induced lung injury restored the expression of AQP5 resulting in predominant reduction in lung water content and pulmonary edema formation [@b0185]. Upregulation of AQP1 and AQP5 expression by dobutamine, a synthetic beta-adrenergic receptor agonist resulted in decreased levels of cytological inflammatory markers and increased alveolar fluid clearance in LPS treated rats leading to resolution of pulmonary edema [@b0190]. Tanshinol a plant-based polyphenol exhibited its protective role in sepsis by upregulating AQP5 expression. Downregulating the expression of proinflammatory cytokines such as TNF-α and IL-6, and subsequent phosphorylation of p38 ameliorated sepsis induced damage to lung tissue [@b0195]. Dose dependent administration of dexmedetomidine inhibited the increase in plasma levels of TNF-α and IL-1β induced by LPS upregulating AQP1 and AQP5 expression alleviating the development of lung edema [@b0200].

Despite of compulsive opportunities available, only a little progress has been witnessed in the field of AQP based therapeutics. The broad range of tissue expression and physiological involvement of various AQP isoforms in glandular fluid secretion, urine concentration, brain water balance, neural function, skin hydration, etc. features them as an important therapeutic target whose modulation might help in the treatment several pathological conditions. Previously, the relevance of AQP4 and AQP2 in treatment strategies for neuromyelitis optica (NMO) and nephrogenic diabetes insipidus (NDI) respectively have been patented. Identifying the utility of small molecule inhibitors/ modulators of AQP function will provide therapeutic resources for treating the comorbidities of inflammation centered COVID-19. In this view, future experiments are needed to validate the proposed salutary effect of AQP- specific modulators for developing AQP- based therapeutics in treating COVID-19 associated comorbidities.

Conclusion {#s0030}
==========

Since the first news on COVID-19 outbreak, an inherent cautious optimism has been instilled among people everywhere. The burden of this pandemic creates a notion that the killer is not the virus but the immune response itself. The scientific community continues to make every effort curtailing this biological catastrophe and improving the survival rate. Increased extravasation of fluid across endothelium or decreased clearance of fluid from the interstitial space contributes to fluid accumulation. The involvement of AQPs in edema formation and resolution in various inflammatory models has been documented earlier. Considering AQPs as elusive drug targets and modulating their respiratory expression levels will help to mitigate the inflammation induced comorbidity in COVID-19.
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